Background Autonomic nervous system dysfunction and sympathetic nervous system over-activity play important roles in the development of hypertension associated with chronic kidney disease (CKD). In adults, increased blood pressure variability (BPV) appears to be directly related to sympathetic over-activity with increased risk of end-organ damage and cardiovascular events. Decreased heart rate variability (HRV) has been observed in adults with CKD, and is an independent predictor of mortality. Methods The purpose of this study was to evaluate BPV and HRV in pediatric patients enrolled in the Chronic Kidney Disease in Children Study. Ambulatory blood pressure monitoring data were available for analysis of 215 personvisits from 144 children that were not receiving antihypertensive medications. Results BPVand HRV were determined by standard deviation and coefficient of variation for heart rate and systolic and diastolic blood pressure for each patient averaged for wake/sleep periods during 24-h monitoring. Uniformly lower values were displayed during sleep versus wake periods: BPV was 20 % lower during sleep (p<0.001) and HRV was 30 % lower during sleep (p<0.001). A significant increase in systolic BPV was observed in hypertensive children compared to children with normal blood pressure (6.9 %, p=0.009). Increased diastolic BPV was detected among hypertensive children during sleep period compared to children with normal blood pressure (11.5 %, p=0.008). There was a significant decrease in HRV in hypertensive compared to normotensive children (−8.2 %, p=0.006). Conclusions These findings are similar to those in adult patients and may underscore childhood origin and natural progression of adverse cardiovascular outcomes in adults with CKD.
Introduction
Autonomic nervous system (ANS) dysfunction and sympathetic nervous system (SNS) over-activity play important and distinct roles in the development of hypertension associated with chronic kidney disease (CKD) [1, 2] . In adults, increases in blood pressure variability (BPV) are directly related to SNS over-activity and increased risk of end-organ damage [3] [4] [5] [6] [7] [8] , as well as a higher rate of subsequent cerebrovascular and cardiovascular events, even after adjustment for mean blood pressure (BP) levels [9] [10] [11] . Heart rate variability (HRV) is also a useful, noninvasive tool to assess ANS function and may provide insight into understanding the role of the ANS in the pathogenesis of BP abnormalities in patients with CKD [12] [13] [14] . It has been demonstrated that decreases in HRV were observed in patients with hypertension, and was also found to be an independent predictor of mortality after myocardial infarction [13] . In addition, adult patients with CKD have abnormally low HRV, which has been associated with increased risk for progression on to end-stage renal disease (ESRD) and sudden death [15] [16] [17] [18] . Therefore, BPV and HRV appear to correlate with the development of cardiovascular complications in a synergistic manner [19] . Lower HRV implies greater mortality [20, 21] , and higher BPV appears to correlate with increased risk of cardiovascular disease [8] [9] [10] [11] .
As a measure of SNS activity, BPV and HRV may be important and practical considerations for the evaluation and management of hypertension. Evidence is accumulating for a role of SNS over-activity in producing renal and cardiac damage, particularly in adult patients with CKD, but this has not been investigated in a diverse pediatric population with CKD. The purpose of the present study was to describe and evaluate BPV and HRV from high-quality 24-h ambulatory blood pressure monitor (ABPM) measurements among pediatric patients enrolled in the Chronic Kidney Disease in Children (CKiD) study.
Methods

Study population and design
The present study is a longitudinal analysis of data obtained from patients enrolled in the CKiD study, an observational prospective cohort study of children with mild-to-moderate CKD, conducted at 48 participating pediatric nephrology centers in North America. The CKiD study protocol has been reviewed and approved by the Institutional Review Boards (IRB) of each participating center. Details of the study design have been previously published [22] . Eligibility criteria for enrollment in the CKiD study included: age 1 to<17 years, Schwartz estimated GFR≥30 to<90 ml/min/1.73 m 2 [23] , no prior organ transplantation, and signed written informed consent for participation by a parent or guardian. Assent/consent was also obtained from the study participant per local IRB requirements. Children were followed annually after an initial enrollment visit (visit 1); ABPM data were obtained at visit 2 (1 year after initial enrollment) through visit 6 (5 years after initial enrollment). For this analysis, patients were only included if they were not diagnosed with hypertension prior to completing 24 h ABPM, were not receiving any antihypertensive medications, and successfully completed 24-h ABPM as outlined below.
Measurements
Data were obtained from 24-h ABPM performed for the CKiD study as previously described [24] . Ambulatory blood pressure monitoring data were available for analysis of 215 person-visits from 144 children enrolled in the CKiD study over the course of three visits (1, 3, and 5 years after initial enrollment, referred to as CKiD study visit 2, visit 4, and visit 6, respectively). Monitoring was performed for approximately 24 h, with measurements obtained every 20 min through the day and night. In order to qualify as an adequate study, at least 75 % of attempted readings needed to be successful during both wake and sleep periods [24] . A diary was kept during the monitoring period to record the time of sleep, time of waking, and time of any napping. The means for systolic (SBP) and diastolic (DBP) blood pressure, heart rate (HR), HRV, and BPV were determined for overall 24 h, wake, and sleep periods.
Ambulatory hypertension was defined as mean wake or sleep SBP or DBP that was≥pediatric 95th percentile for ambulatory BP limits (adjusted for age, gender, and height) or 25 % of SBP or DBP measurements≥95th percentile for either wake or sleep period [24, 25] from patients' 24-h ABPM analysis. Normative data for ABPM and the definition of ambulatory hypertension were adapted from American Heart Association recommendations on ABPM for children and adolescents [24, 25] .
Glomerular filtration rate (GFR) was measured directly by iohexol plasma disappearance (iGFR) or estimated GFR (eGFR) (when iGFR was unavailable), details of which have been previously published [26, 27] . Additional data used in the current analysis included gender, self-reported race/ethnicity, underlying cause of CKD (glomerular vs. non-glomerular diagnosis), duration of CKD (as measured by years since diagnosis as well as percent of life with CKD), and age at the visit when ABPM was completed.
Blood pressure variability and HRV were determined by the standard deviation (SD) and coefficient of variation (CV) for SBP, DBP, and HR for each patient averaged for wake and sleep periods during the 24-h ABPM assessment. Subjects were stratified by stage of CKD, based on iGFR or eGFR, (divided into three groups: GFR≥60 ml/min/m 2 , GFR 30-59 ml/min/m 2 , GFR<30 ml/min/m 2 ) and the presence or absence of ambulatory hypertension.
Statistical analyses
Data with up to three repeated measurements for both wake and sleep periods for each child were analyzed using a linear mixed model, which included a random subject effect to account for up to six repeated measurements of the same subjects at different visits (i.e., measurements for wake and sleep periods at three visits). Each model included four factors of primary interest: activity (wake/sleep), presence of ambulatory hypertension (normotensive/hypertensive), visit (time), and degree of CKD based on iGFR or eGFR (ml/min/1.73 m 2 , categorized as GFR≥60 ml/min/m 2 , GFR 30 to 59 ml/min/m 2 , GFR<30 ml/min/m 2 ) and their interactions; non-significant interactions were removed from the final model. Each analysis adjusted for age, gender, race, and percent of life since CKD diagnosis at visit 2. The outcome variables, BPV and HRV were log transformed in order to stabilize the variance. P<0.05 indicated statistical significance.
Results
Data were analyzed for 215 person-visits from visit 2, 4, and 6 of the CKiD study, comprised of 144 children that were not previously diagnosed with hypertension, and were not receiving any antihypertensive medications. Patient demographics and clinical characteristics are outlined in Table 1 Results of the longitudinal mixed models are outlined in Table 2 and Fig. 1 , presenting the SD of systolic and diastolic BPVand HRV. The results from models using CVas outcomes are not presented except where indicated for HRV, since the results were otherwise largely consistent with SD. Variability was consistently lower during the sleep period compared to the wake period. Systolic and diastolic BPV and HRV were significantly lower during the sleep period (−21.6 %, p < 0.001; −22.4 %, p < 0.001; −29.2 %, p < 0.001, respectively).
A significant increase in systolic BPV was observed in hypertensive children compared to children with normal blood pressures on ABPM (6.9 % higher, p=0.009). Although no significant difference in diastolic BPV was detected overall, when we evaluated differences within the wake/sleep periods, significantly increased diastolic BP variability was detected among hypertensive children during the sleep period compared to children with normal BP (Table 2) . For diastolic BPV, hypertensive children during the sleep period were 11.5 % higher than children with normal BP (p=0.008). Figure 1 illustrates these interactions with box plots for hypertensive and non-hypertensive children during the wake and sleep periods. The middle panel plot demonstrates that during the sleep state, the hypertensive children demonstrated more diastolic BPV compared to the non-hypertensive children; whereas during the wake period, there is virtually no difference between the two groups (p=0.77). There was also a significant decrease in HRV among the hypertensive compared to normotensive children (footnote Table 2 , CV: −8.2 %, p= 0.006).
These models also show that systolic BPV increased over the 4 years of follow-up. Specifically, systolic BPV was 10.4 % higher at visit 6 relative to visit 2 (p=0.004), and was 2 % higher at visit 4 compared to visit 2 (p=0.44). There were no significant differences noted for diastolic BPV or HRV over time.
For each year increase in baseline age, there was a 1.3 % increase in systolic BPV (p<0.001). A significant difference was detected based on duration of CKD-with each increase percent of life with CKD, there was a significant increase in HRV (21.8 %, p=0.004). No significant differences in BPV were detected based on duration of CKD. In addition, no 
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CKiD Chronic Kidney Disease in Children; GFR glomerular filtration rate; ABPM ambulatory blood pressure monitoring; CKD chronic kidney disease; HR heart rate; SD standard deviation significant differences in HRV or BPV were detected between races and among the different GFR groups/degree of CKD.
Females exhibited significantly less systolic and diastolic BPV compared to males (−9.8 %, p<0.001 and −5.6 %, p= 0.041, respectively). No significant difference in HRV between genders was detected.
Discussion
In this study, examining BPV and HRV in a pediatric cohort with mild-to-moderate CKD, subjects exhibited circadian patterns characterized by elevated BPV and HRV during the wake period, and lower values during the sleep period. These findings are consistent with results described in adults [6, [28] [29] [30] . In adults, BP and HR follow a highly reproducible circadian pattern characterized by elevated values while awake/active, and lower values with rest/sleep [28] [29] [30] . It has also been demonstrated that there is an increased incidence of acute myocardial infarction (MI), ischemic stroke, and sudden death during the early morning period [6, 7, [31] [32] [33] . In addition, beta-blockers, which can diminish these physiologic processes, have been shown to decrease BPV and prevent the morning peak of onset of acute MI [34] . Differences involving BPV were also detected based on age and gender: older children had increased systolic BPV compared to younger children, and girls exhibited less systolic and diastolic BPV than boys. A significant difference was also detected when comparing children across visits/over time-in comparing visit 6 with visit 2, there was a significant increase in systolic BPV. This increase in systolic BPV over time may reflect the differences that were detected with increased age. These observed differences likely reflect the well-identified age and gender disparities in the overall prevalence of hypertension and cardiovascular disease [31] [32] [33] [34] [35] [36] [37] [38] [39] . Bolded values represent statistically significant results/values CI confidence interval; SD standard deviation; GFR glomerular filtration rate; CKD chronic kidney disease a Heart rate coefficient of variation relative % difference (95 % CI): −8.2 (−13.7, −2.4), p=0.006 Fig. 1 Comparison of blood pressure (BP) standard deviation (SD) and heart rate SD by sleep-wake periods and hypertensive condition Increased SNS activity acts as a mechanism for both initiating and sustaining BP elevation, and is associated with increased cardiovascular risks, as has been demonstrated in adult patients with hypertension, CKD, obstructive sleep apnea, obesity and heart failure [2] [3] [4] [5] [40] [41] [42] . Sympathetic overactivity, in addition to sustaining BP elevation, has also been associated with increased left ventricular hypertrophy, ventricular arrhythmias, sudden death, hyperlipidemia, insulin resistance, and increased risk of end-organ damage [8, [31] [32] [33] [41] [42] [43] . Epidemiologic studies have demonstrated that systolic and diastolic BPV are independently associated with the incidence of cardiovascular morbidity and mortality and this effect is greater in hypertensive compared to normotensive patients [32, 33] . In addition, end-organ damage accompanying hypertension is more pronounced among those with increased BPV [8, [31] [32] [33] 43] . This evidence further suggests that an individual's prognosis may depend not only on overall mean BP values, but additionally on degree of BPV.
Chen et al. [35] demonstrated that even after adjusting for mean childhood BP levels, adult hypertension was associated with increased BPV in terms of SD of serial BP measurements obtained during childhood. Additional studies have also demonstrated that greater BPVeither over 24 h or over a prolonged period is associated with hypertension in adulthood [36, 37] .
In our study, hypertensive patients were found to have increased systolic and diastolic BPV in comparison with normotensive patients. In particular, hypertensive patients had increased systolic variability during both awake and sleep periods, and significantly elevated diastolic BPV during the sleep period. These findings are consistent with previous reports of an association between hypertension, elevated BPV, and increased SNS activity in adults [44] [45] [46] [47] . These studies have demonstrated that the degree of BPV bears an independent relationship with endorgan damage associated with hypertension [44] [45] [46] [47] [48] [49] .
In addition, our study also demonstrated decreased HRV in hypertensive children, compared with normotensive children. In adults, HRV has been proposed as an indicator of cardiovascular health-lower HRV has been associated with a higher risk of cardiovascular disease and death [50] . A decline in HRV has been noted to occur early in the development of hypertension and decreases in ANS function appear to precede the development of clinical hypertension [50] .
Although there was no significant difference in HRV and BPV based on degree of CKD, several studies have indicated the presence of SNS over-activity in CKD and its relationship with arterial hypertension [3, [51] [52] [53] . In addition, lower HRV has also been associated with a higher risk of progression to ESRD [14] [15] [16] 18] . This underscores the importance of HRV as a relatively under recognized predictor of adverse cardiovascular and renal outcomes in patients with CKD.
There are several limitations to our study. Data from three CKiD study visits provided up to four years of longitudinal data. However, this time frame may be too short to detect significant differences in HRV and BPV due to CKD progression. The number of children with data at all three visits is also limited. However, we are confident that the data is of high quality given the strict requirements for a successful ABPM [24] , particularly given the challenges of 24-h measurement among children and adolescents. Additionally, by restricting data to subjects who were not receiving antihypertensive medications, a large confounder was removed, thus ensuring a homogenous study sample, at least with respect to treatment. An additional limitation of this study is that BPV and HRV are indirect measurements of SNS activity and ANS function from sympathetic effector responses. Indeed, these variables are non-specific measures of SNS activity rather than direct measurement of SNS activity through the use of sympathetic nerve recordings/muscle sympathetic nerve activity. Implementation of such procedures was well beyond the scope of the CKiD study. However, the estimation of SNS activity from indirect measures by 24-h ABPM may serve as a foundation for future, more precise assessment.
Our findings of decreased HRV and increased BPV in hypertensive children with CKD are similar to that encountered in adult patients and may underscore the childhood origin and natural progression of SNS over-activity and adverse cardiovascular outcomes in adults. The SNS contributes to the overall control of circulation and should be regarded as an important therapeutic target in order to lower arterial BP in hypertensive patients. Optimal antihypertensive treatment should therefore focus on the reduction of overall average BP levels and degree of variability with improved regulation of SNS over-activity-using BPV and HRV as a marker or indicator of activity. Further studies are needed to assess whether recently developed antihypertensive medications induce not only a reduction in BP but also a decrease in variability and SNS activity.
Perspectives
Overall, this is a unique study in that it is the first examination of BPV and HRV within a large multi-center, prospective cohort of children with CKD in whom precise measurement of BP by 24-h ABPM and standardized data collection methods across all participating centers, including GFR were achieved. An important finding from this study of pediatric CKD is that children with uncontrolled hypertension have higher systolic and diastolic BPV and lower HRV compared to children without hypertension. Given the known association between increased BPV and decreased HRV as a marker of SNS over-activity and ANS dysfunction, with resultant increased risk for cardiovascular disease and CKD progression in adults, incorporation of treatment strategies designed to reduce SNS over-activity should be an important consideration in the management of pediatric CKD.
